In the few years that have followed the launching of the first artificial Earth satellite, satellite tracking systems have developed to such an extent that the quality of the tracking data is no longer the principal limiting factor to tracking accuracy. In particular, several systems have been shown to provide high quality tracking data and over short intervals of time (order of one day) have the ability to determine satellite trajectories to less than 1 km error. However, this accuracy rapidly degenerates with time as the orbit is estrapolated into the future, beyond the time of the tracking data. Moreover, assuming that the data represents reasonably world-wide coverage, increasing the amount of data does not reduce the tracking error by the expected statistical factor.
Experiences of this sort are becoming common to those associated with accurate satellite tracking systems and lead one to the conclusion that the principal factor currently limiting tracking accuracy are errors in parameters associated with the earth's gravitational force field and locations of the tracking stations. Consequently, if a significant reduction in tracking error is to be achieved. Improved values for these geodetic parameters must be determined.
One of the chief contributors to accurate tracking systems has been the Applied Physics Laboratory, The Johns Hopkins University through develop-1 2 ment of the Navy's doppler tracking system. ' The principal objective of this tracking system is to supply the orbital parameters specifying the trajectories of the doppler instrumented satellites to an accuracy of the -ti Th* Johnt Hepkim Univartily APPLIID PMVWM LAMRATORV Silvw Spring, Maryland -2 -order of 0.1 km when projected into the future for one or two days. This is a most severe accuracy requirement and considerable effort is being spent on determining improved values for the necessary geodetic parameters in order to eventually achieve this accuracy. This paper will be a brief summary of the main problems associated with the statistical inference of geodetic parameters, giving special attention to the use of radio doppler tracking data.
Significant improvements in many of the parameters associated with the earth's gravitation force field have already been made through studies of
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satellite motion. However, in most cases, they have been made without utilizing modem statistical techniques because the high sensitivity of the satellite motion to changes in these parameters obviates their need. The determination of the first parameter associated with the north-south asymmetry of the Earth -the so called "pear-shape" -is a good example of the methods that have been used so far. first determined that such a motion is caused principally by the Earth being shaped somewhat like a pear is shown in Figure 2 .
It is interesting to note that the deviation of surfaces of constant gravitational potential (for example, the geoid) from north-south symmetry is less than 0.1 km while the amplitude of the variation in perigee altitude is about 15 km. This apparent amplification of a small deviation in the . The most recent parameters to be determined are the J 0 _ and J _ associated with the Earth being rotationally asymmetric.
Major contributors to the values of these parameters are given in the references listed in Figure 3 . From Figure 3 it can be seen that the gravitational force field of the Earth can not be assumed to correspond to a simple flattened sphere but actually corresponds to a very complicated shape -one which probably will In addition, there are difficulties that are fundamental to the use of satellite data independent of the number of paraweters that are to be inferred.
Figure k lists the three principal ingredients that comprise our particular inference application and I shall now discuss some of the major difficulties contained in the first two items as they effect the third item.
The principal difficulty within item 1 of Figure h is that of including a sufficient number of the forces that act on the satellite. I have stated previously that there are probably 10 -15 expansion parameters of the earth's gravitational potential that are significant. Actually, of course, there are many more parameters that could be included in this expansion and there axe other forces that are not of a gravitational origin. However, it is clear that including their effect explicitly in the motion of the satellite becomes so difficult that a "cut-off" must be assumed and all force terms below this cut-off magnitude considered negligible. The remaining forces beyond this cut-off can now properly be termed "force noise" since, so far as their effect on the satellite motion is concerned, they are unknown. Figure 5 lists some of the principal contributors to this force noise.
Each of these forces is small in itself but, given sufficient time, its effect can build up to cause a significant error in the trajectory of the satellite.
Consequently, any solution to the satellite equations of motion that does not explicitly include these forces, but which is adjusted continually to closely approximate the measured motion of the satellite over long periods of time, 2. Accurate statement of the statistical characteristics of the experimental data, including significant time correlations.
3. Development of an inference procedure which includes a sufficient number of the complicating factors present in the above items so that efficient use of the data is obtained.
T Figure 6 shows some of the major contributors to correlated errors in radio doppler data. The Navy's doppler receiving equipment is carefully designed with these sources in mind so that if no degradation in equipment performance in the field is experienced, station frequency and time errors should be small. For example, doppler instrumented satellites transmit timing signals which can be calibrated and checked with the Naval Observatory Time Standard. Each set of doppler data is assigned an independent frequency parameter to "fit-out" any errors in the station's frequency standard. However, in a world-wide tracking system it is not trivial to discover and totally eliminate subtile degradation and malfunctions of the station equipment and these can produce highly correlated errors in the data.
The second category of errors given in Figure 6 should also be small. The third category of errors listed in Figure 6 are not so easilyeliminated as the first two. An a priori tropospheric refraction correction can be made rather reliably if no unusual effects such as ducting are present.
Moreover, multiple frequency data is taken by all of the doppler tracking 13 stations to eliminate the frequency dependent ionospheric refraction effects. However, it is not possible to entirely eliminate refraction effects and they do introduce highly correlated errors.
In summary, because of the existence of these sources of error, the characteristic of the noise components of the tracking data are highly correlated and difficult to specify. Continued studies are being made at the Applied Physics Laboratory to understand better their nature, reduce their magnitude to as low a value as possible, and develop methods for parameterizing their effects on the data.
It can now be seen that developing statistical inference procedures which will cope with the above difficulties is not a simple task. I will now briefly describe the general approach that is being adopted at the Applied Physics Laboratory and then conclude with a more careful consideration of the principal difficulty that is present in this approach. This approach is summarized in Figure  r (. The principal difficulty in implementing such a minimum variance approach is the proper accounting of the correlations in the errors. When using any one week's tracking data to perform a small correction to all of the unknown parameters, the amount of the correction applied via a minimum variance estimate depends very strongly upon the estimated errors in the data and the variancecovariance matrix of the unknown parameters. With a high data rate system such as a doppler tracking system there is a strong tendency to neglect small but highly correlated errors to a catastrophic extent. I shall now, as my final topic, present the results of a simulation which was designed to study the effect of neglecting correlations in the expressions for the second moments of the errors.
The minimum variance estimate for the location of a single doppler receiving station was considered. A relatively simple example was taken by making the following assumptions. First, the errors in the doppler data used for the estimate were assumed to be highly correlated within a single pass of the satellite above the receiving station's horizon. Second, data taken during different satellite passes were assumed to be negligibly correlated. Thus, in effect, each pass of the satellite above the station's horizon was considered as the smallest set of data that yields independent statistics. Third, it was assumed that no correlation existed between errors in the doppler data from the receiving station and errors in the trajectory of the satellite. This assumption is equivalent to assuming that the receiving station's data was not used to determine the satellite trajectory. Fourth, it was assumed that the errors in the trajectory of the satellite were highly correlated from pass to pass to simulate the existence of errors in the forces acting on the satellite and errors in the locations of the tracking stations used to determine the orbit. Two cases were considered. In the first case the new variance-covariance matrix was computed including all of the above correlations in the errors, in particular the high degree of correlation in the satellite trajectory errors.
In the second case, the correlations in the satellite trajectory errors were neglected so that, in effect, it was assumed that the satellite errors v.are uncorrelated from one satellite pass to the next. In both cases it was (arbitrarily) assumed that the probable error in the satellite trajectory was one-half of the total probable error in determining the station location from a single set of data. Also, in both cases, prior to the use of any doppler data It was assumed that the initial station error was Infinite.
The results are shown in Figure 9 . In Figure 9 , the abscissa is the number of satellite passes used and the ordinate is the resulting station The ANNA. Geodetic Satellite is expected to contribute materially to the high quality doppler optical data continually being received from the experimental doppler Instrumented satellites.
